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I 

In t h i s  paper  w e  p r e s e n t  a scheme of  X-ray in t e r f e romet ry .  I 

The most important  f e a t u r e  of t h i s  proposed i n t e r f e r o m e t e r  i s  t h e  

genera t ion  of two coherent  beams t h a t  i n t e r s e c t  a t  cont inuous ly  

v a r i a b l e  angles .  

Borrmann e f f e c t  and Bragg r e f l e c t i o n  i n  pe r  c r y s t a l s .  

This  is  achieved by t h e  a p p l i c a t i o n  of t h e  

The narrow 

bandwidth of t h e  t ransmiss ion  window' of t h e  Borrmann e f f e c t  * 

a l lows  t h e  use of convent iona l  X-ray gene ra to r s  as X-ray sources  

wi th  a coherence l e n g t h  between lOy! and 1 O O k  f o r  t h e  i n t e r -  

f e r i n g  beams. A d i f f r a c t i o n  scheme, s i m i l a r  t o  c e r t a i n  n-beam 

cases ,  i s  proposed t o  o b t a i n  simultaneous d i f f r a c t i o n s  o f  t h e s e  

two coherent  beams i n t o  a common d i r e c t i o n .  A change i n  i n t e n s j . t y  

caused by i n t e r f e r e n c e  w i l l  y i e l d  t h e  r e l a t i v e  phase between 

these  s imul taneous ly  d i f f r a c t e d  beams. 

t i e s  are discussed .  

Technological  f e a s i b i l i -  
c 
t. 
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Y 
I I .  Introduction. 

In the application to the study of organic crys-tal structures, 
. .  

the central problem in X-ray diffraction is the determination of 

the phases of the diffracted rays. 

cases in perfect crystals,' 

various indirect techniques such as the statistical, heavy atom, 

and nultiple isomorphous replacement methods.2 

cant results have been obtained with these methozs for certain 

materials, there are certain classes of molecules such as hormones, 

for which little success has been achieved in structural determina- 

tion because' the appropriate phase information is lacking. 

Except for certain n-beam 

the solution of structure depends on 

Although signifi- 

i 

Successful operations of X-ray interferometers and its recent 

extension to neutron cases have been reported. 3,4 .Their success 

pcinted out the important fact that coherent X-ray beams can indeed 

be generated from conventional X-ray sources to produce interference. 

Based on the interferometer principle, we propose in this paper 

c 
c 

L 

an "interfere-diffractometer" to generate two coherent beams 

capable of producing first order interference for measurements of 

.relative phases of diffracted X-rays. In our subsequent discussions r 

we can and will neglect all anomalous effects of transmission, 

absorption and serial reflections inside the sample under study. 

The omission of these phenomena from our subsequent discussion o f  

phase determination is justified if a the crystal i s  ideally imper- 

fect. 

cussed, together with a strictly kineinatical theory of X-ray 

- -  

i 
t 
I Thus, only classical interference phenomena will be dis- 
i 
r I 

diffraction. I 

" 2 .- 

I 



4 In Section I1 we show that by using mirror reflections alone, 
it is not possible to construct an interferometer generating 

two coherent beams intersecting at arbitrary angles. 

hand, it is also demonstrated that, by introducing beam path cor- 

rectors based on the Borrmann effect,’ 

an interferometer that will produce intersecting beams with a 

variable angle of intersection. 

On the other 

it is possible to design 
’ 

The coherence of the intersecting 

beams also is discussed. 

In Section IIi a general scheme is presented to determine phase 

differences of the diffracted X-rays from a sample. 

IV we discuss the feasibility of our interfero-diffractometer. .’. 

Although in this paper we will not describe the detailed technical 

In Section 

problems associated with the actual construction of the inter- 

ferometer, from studies of dimensional stabilities as well as  

techniques developed for monitoring dimensional changes to 

a small fraction of an Rngstrom, our tentative conclusion is that 

the proposed inte-ferometer can be built within existing technology. 

Further, it is our conclusion that interfero-diffractometers ~\~ould 

be t h e  first appropriate step towards solving the phase determina: 

tion problem even if X-ray lasers were available. (Of course, the 

availability of an X-ray laser could certainly improve beam inten- 

sity and increase photon correlation lengths.) 
- .  . 

\ 
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. . . . - .. - -- 
11. Generat ion 'of Coherent Beams, 

(i) Statement  o f  t h e  Problem, 

I n  o r d e r  t o  determine t h e  phase r e l a t i o n s h i p s  between d i f -  

f r a c t e d  r a y s  from mosaic c r y s t a l s ,  as w i l l  be shown l a t e r ,  i t  

is  necessa ry  t o  have a p a i r  o f  cohe ren t ,  i n t e r s e c t i n g  beams a t  

t h e  sample p o i n t  and t h e  ang le  between t h e  two i n t e r s e c t i n g  beams 

must f u l f i l l  d i f f r a c t i o n  c o n d i t i o n s .  These p a i r s  of  i n t e r s e c t i n g  

beams must be gene ra t ed  from a s i n g l e  source.  From the p r i n c i p l e  

o f  s u p e r p o s i t i o n ,  photons from two s e p a r a t e  sou rces  do n o t  i n t e r a c t  

_ _  - 

i n . t h e  lowest  o r d e r  and consequent ly  do n o t  i n t e r f e r e .  

a t  a l l  i n t e r s e c t i n g  p o i n t s  t h e  phase d i f f e r e n c e s  between a l l  p a i r s  

of beams o r i g i n a t i n g  from t h e i r  r e s p e c t i v e  sou rce  p o i n t s  milst b e  

t h e  same, o the rwise  t h e  i n t e r f e r e n c e  phenomenon w i l l  be  averaged 

o u t .  

I n  a d d i t i o n ,  

L 

Two t ypes  o f  r e f l e c t i o n  mechanisms e x i s t  f o r  X-rays,  the  

g lanc ing  ang le  o f  i nc idence  r e f l e c t i o n  and Bragg r e f l e c t i o n .  I n  
- .  

t h e  case  of g l anc ing  angle  o f  inc idence  r e f l e c t i o n ,  X-rays of 

wavelength 3\, a r e  r 2 f l e c t e d  from a medium w i t h  an e l e c t r o n  

. d e n s i t y  ne,  provided t h e  a n g l e  o f  inc idence  Bi i s  less  t h a n  t h e  
I .  

c r i t i c a l  ang le  OCr  g iven by : 
I 
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* 
where a l l  symbols have t h e i r  u sua l  meanings, and c .g .s .  and Gaussian 

u n i t s  w i l l  be  used throughout  t h i s  paper .  For  X-rays o f  t h e  r e l e v a n t  

wavelengths (0.5 8 t o  2 .5  8),  ecr i s  u s u a l l y  smal l  (€Icr- 0 . 4  0 a t  

2 4  n,NlO and 18), I n  a d d i t i o n ,  i n  each r e f l e c t i o n  a s i z a b l e  

f r a c t i o n  of t h e  i n c i d e n t  r a y s  is absorbed,  making tandem r e f l e c t i o n s  

an i m p r a c t i c a l  method t o  achieve l a r g e  ang le  r e f l e c t i o n s .  I n  t h e  

case of 3ragg r e f l e c t i o n ,  t h e  i n c i d e n t  ang le  i s  f i x e d  by c r y s t a l  

parameters  and by t h e  wavelength o f  i n t e r e s t .  The e f f i c i e n c y  of  

r e f l e c t i o n ,  however, can be q u i t e  h igh .  For s t r i c t l y  monochromatic 

X-rays, r e f l e c t i o n  c o e f f i c i e n t  can be  g r e a t e r  than  90 % when p e r f e c t  
5 .  

. c r y s t a l s  are used. , 
> 

Up t o  now, i n  t h e  X-ray regime, t h e r e  i s  on ly  one p r a c t i c a l  .. . 

way t o  achieve  beam s p l i t t i n g ,  namely through t h e  Borrmann 

e f f e c t  i n  a p e r f e c t  c rys t a l - . '  The en t r ance  and e x i t  s u r f a c e s  

of a p e r f e c t  c r y s t a l  make a non-zero ang le  w i t h  t h e  l a t t i c e  

p l ane  f o r  Laue d i f f r a c t i o n .  When t h e  i n c i d e n t  beam i s  c l o s e  

t o  s a t i s f y i n g  t h e  L a u e ' d i f f r a c t i o n  c o n d i t i o n ,  wave f i e lds  a r e  

s e t  up a long  t h e  l a t t i c e .  A t  t h e  e x i t  s u r f a c e ,  t h e  wavef ie ld  

i s  s p l i t  i n t o  two beams wi th  equal  i n t e n s i t i e s ,  bo th  making t h e  t 

Bragg ang le  wi th  t h e  l d t t i c e  p lanes  and propagat ing  i n  two s e p a r a t e  

d i r e c t i o n s . .  Absorpt ion i n s i d e  t h e  c r y s t a l  i s  anomalously low; 

t h e  amount absorbed depends on $he p a r t i c u l a r  s e t  of  l a t t i c e  

I 

I 
c 

i 
1 

j p lanes  used,  t h e  amount of  d i s l o c a t i o n s ,  and o t h e r  e f fec ts .  5 

(Figure 1,) 

d i c u l a r  t o  t h e  l a t t i c e  p l a n e s  a r e  we11 co l l ima ted ,  w i t h  2 t y p i c a l  

The components o f  t h e  emerged r a y s  t h a t  a r e  perpen-  
& 

angular  divergence o f  t h e  o rde r  o f  seconds o f  a r c ,  and a band- i 

- 5 -  



wicit,, of 

Utilizing the Borrmann effect for beam splitting and Bragg 

reflection, the problem of generating two coherent X-ray beams 

from a single source via interferometer techniques is subject 

t o  two restrictions: 

( l a )  Angles of incidences of all reflecting planes are dictated 

by appropriate diffraction conditions associated with available 

and useful crystal planes; ~ 

( lb )  Angles between splitted beams are dictated by the same 

restrictions as in -(la). 

' I n  addition, the following interferometer conditions must be 

fulfil led : 

(2a) A pair of beams originating from the same source point 

must intersect later; 

(2b) The phase difference h e t w e e n  two beams withir ,  2 p a i r  must 

be the same for all pairs at their respective intersection points. 

Then, to be of practical value, it is necessary that: 

(Zc) 
I 

The angle of intersection must be continuously variable 
k 

over a useful range. - 
Optical configurations satisfying (2a) through (2c) under . 

restrictions (la) and (lb) will be hereafter referred to as 

interfero-diffractometers. 
W 

(ii) Impossible configurations. 

Bonse and Hart have successfully constructed several Michaelson- 

type interferometers .' In interferometers of this type, conditions 

(Za) and C2b) are fulfilled. In addition, the path lengths of 

individual rays from a source point to its intersection point are 

- 6 -  
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the same for all possible source points. 

extend their principle to cases where the intersection angle can 

be varied. 

It appears natural to 

We now show that by using reflecting surfaces only, it is not 

generally- possible to fulfill all conditions (2a), ( 2 b ) ,  and (2c) 

simultaneously, under restrictions (la) and (lb) . Each reflection 

surface has two degrees of freedom in orientation (the distance 

3etween reflection surfaces to beam splitting points determines the 

dimension of the system). In order to bring a pair of beams 

from a beam splitting point to an intersection point, keeping 

(2b) and (2c) in mind, at least two reflection surfaces must be 

used. 

reflection surfaces used. 

are used to satisfy the incidence angle restriction (la). Because 

of the plane geometrical configuration, the condition o f  inter- 

Altogether there are four degrees of freedom for the two 

Two of these four degrees of freedom 

-section (2a) must be fulfilled for three pairs of rays originating - 
from three non-colinear source points. TLis requires three 

degrees of freedom whereas only two exist. 

dom are introduced by adding more reflection surfaces, since rays . 

emerging'from the new surfaces are related to the rays f rom pre- 

No new degrees of free- 

' vious surfaces via reflection laws under the same restrictions 

(la) and (lb). If condition (2c) is relaxed, the resulting 

instrument is a Bonse and Hart interferometer. 

(iii) A possible interfero-diffractometer configuration. 

C. C. Chiu showed that it is possible, under certain conditions, 

to construct an interfero-diffractometer. One possible configura- 

tion is shown in Figure 2. 

A s'ingle perfect crystal is carved into an L-shaped slab, such 

- 7 -  
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t h a t  one s i d e  R i s  p a r a l l e l  and t h e  o t h e r  T is p e r p e n d i c u l a r  t o  

a s e l e c t e d  s e t  of  l a t t i c e  p l anes  LP. 

an i n c i d e n t  beam I i n t o  two beams I1 and I2 v i a  t h e  Borrmann 

The T s i d e  i s  used t o  s p l i t  

effect ,  and t h e  angu la r  s e p a r a t i o n  o f  I1 and I2 i s  2 0 where 8 is  

t h e  Bragg ang le  f o r  t h e  s e l e c t e d  s e t  o f  l a t t i c e  p l a n e s .  Upon 

r e f l e c t i o n  from LP on t h e  R s i d e  o f  t h e  s l a b ,  I1 changes i t s  

d i r e c t i o n  by 2 8 t o  become 11* which i s  now p a r a l l e l  t o  12. 

(Figure 2 ) .  I t  should  be no ted  t h a t  a s  long as t h e r e  i s  no s t r a i i  

i n  t h e  c r y s t a l ,  t h e  X-rays t r a n s m i t t e d  through a p e r f e c t  c r y s t a l  

v i a  t h e  Borrmann e f fec t  are always i n  phase even i f  t h e  s u f f a c e  

is n o t  smooth on t h e  atomic scale. 

produce d i f f e r e n c e s  i n  p a t h  l eng ths ,  b u t  i n  i n t e g e r  number o f  

wavelengths.  Thus t h e  s p l i t t e d  beams can be recombined and i n t e r -  

The haggard s u r f a c e  w i l l  

b 

f e rence  observed a s  long  ac the d i f f e r e n c e  i n  p a t h  l e n g t h s  does 

n b t  exceed t h e  c o r r e l a t i o n  l e n g t h  o f  t h e  photon. The same argument 

a p p l i e s  for t h e  r e f l e c t i o n  of  X-rays by a p e r f e c t  c r y s t a l .  The 

s u c c e s s f u l  c o n s t r t x t i o n  of  bo th  Laue and Bragg type  i n t e r f e r o m e t e r s  

by Ronse and Hart c l e a r l y  demonstrated t h i s  p o i n t .  However, i n  ou r  

proposed scheme of mixed t ransmiss ion  and r e f l e c t i o n ,  there i s  a . 

s y s t e m a t i c  and source  p o s i t i o n  dependent pa th  l e n g t h  d i f f e r e n c e  

between I2 and Ill (Figure 2 ) .  

t from t h e  i n t e r s e c t i o n  of  T 2nd R, t hen  a t  2 p l a n e  perpendiculz;  

t o  11' and 12, t h e  sys t ema t i c  pa th  l e n g t h  d i f f e r e n c e  between I2 

and Ill i s  2 t s i n  0 .  

t h i s  d i f f e r e n c e  i n  p a t h  l e n g t h s  w i l l  exceed t h e  c o r r e l a t i o n  l e n g t h  

If t h e  s p l i t t e d  beams e x i t e d  a t  

Therefore ,  f o r  any r easonab le  v a l u e s  o f  8 ,  

of t h e  photon. I n  o r d e r  t o  compensate f o r  t h i s  s y s t e m a t i c  changes 

i n  pa th  l e n g t h ,  two Borrmann t ransmiss ion  wedges a r e  i n s e r t e d  i n t o  t h e  

- 8 -  . .  



. 
path of 12. After transmission through the wedges, I2 emerges as 

'I2' such that I 2  and 12'  are colinear. The geometry of the two 

wedges is determined by (a) tbe Borrmann transmission condition 

(essentially the Bragg condition), (b) the elimination of source 

position dependence of the phase differences between 12( and 

at a plane perpendicular to both I Z 1  and Il l ,  and (c) I2 and 12' 

are colinear (in order to preserve the original beam configuration). 

The t w o  wedges are mirror images o f  each other; the wedge angle 

is -1-i and the surface o f  one side of the wedge makes an angle 

- e'+? with the Borrmann transmission lattice plane (thus 

the other side of the wedge is perpendicular to I2 or 1 2 0 .  

the Bragg angle of the Borrmann transmission plane of the wedge. 

The complete configuration is shown in Figure 2. 

8 '  is 

Using conditions (a), (b), and (c), and neglecting, f o r  the 

time being, the effect of the refractive index o f  the crystals in 

optlcal path calculations, a straightforward evaluation gives the 

wedge angle 1.: - 

I 
- I  

Note that the dimension of the wedge i s  absenz .in the determina- 
i 

tion of . In order to make the path lengths of I1 and I2 i 

equal, additional path extenders using multiple reflections t 1 
; 

e can be inserted. ! 

Because o f  absorption inside the wedges, the intensity j 
I b 

distribution will also be source position dependent. If the 

source point is at a distance t from the R side of the & - :  

- 9 -  



.. 

s l a b  and the width of t h e  source is  At, t h e  amount t o  be  

c o r r e c t e d  f o r  i n  p a t h  l e n g t h  over  t h e  e n t i r e  range of A t  i s  

2 a t  s i n  8. P a t h  c o r r e c t i o n  r e q u i r e s  an - -add i t iona l  t r a n s m i s s i o n  

through a t h i c k n e s s  of 

a t  t h e  twa extremes o f  4 t  t h e  r a t . i o  a f ' i n t e n s i t i e s  is 1: exp- ,a(uts ;ni .  

2 n t  sin 8 i n  a p e r f e c t  c r y s t a l  s o  t h a t  

where p is t h e  abso rp t ion  c o e f f i c i e n t .  For t h e  v p o l a r i z a t i o n  
of  t h e  d branch  3 ( t h e  s t r o n g e s t  t r a n s m i t t e d  component) , / U = ~ ~ ~ ( I - Q )  

where fro i s  t h e  mass abso rp t ion  c o e f f i c i e n t  wit:iout t a k i n g  

i n t o  account  of anomalous t r ansmiss ion  and 6 is  a c o r r e c t i o n  

f a c t o r  f o r  anomalous t r ansmiss ion  (Borrmann e f f ec t ) .  k depends 

on t h e  p a r t i c u l a r  s e t  of l a t t i c e  p l anes  used a s  w e l l  a s  on t h e  

geometry. Using t h e  example c i t e d  by Batterman and Cole 3 , f o r  

flt = 0 .5  mm (SOOp) and 2 8 = 35' (Ge 2 2 0  a t  Cu Kd), ,&=350 cm-', 

& =  0 .95 ,  the r a t i o  or' i n t e n s i t i e s  i s  1 : exp -1.9 sin(22.5') 

. This can be  taken i n t o  account by an approDria te1y  - 0 - 7  2 1:e 

shaped a b s o r b e r ,  a s  w i l l  be d iscussed  i n  S e c t .  I V .  
c- - - 

Ill and 12* then  f a l l  on to  two mi r ro r s  M1 and M2 r e s p e c t i v e l y .  

The s u r f a c e s  of M1 and M2 a r e  p a r a l l e l  t o  a s e l e c t e d  s e t  o f  l a t t i c e  

p lanes  and MI and M2 a r e  mounted i n  such a way t h a t  t h e i r  o r i e n -  

t a t i o n s  can b e  r o t a t e d  about the d i r e c t i o n s  o f  111 and 12' 
\ 

r e s p e c t i v e l y .  By s u i t a b l e  o r i e n t a t i o n  o f  t h e  two m i r r o r s  i t  i s  

p o s s i b l e  t o  b r i n g  . the  t w o  r e f l e c t e d  r ays  R1 and R2 t o  i n t e r s e c t  

a t  a p o i n t  T, 

r ays  o f  11' and 12' from d i f f e r e n t  sou rce  p o i n t s ,  i t  i s  e a s i l y  

seen t h a t  a l l  r a y s  i r r e s p e c t i v e  o f  source  p o i n t  p o s i t i o n s  w i l l  

Because of t h e  mi r ro r  symmetry between cor responding  

i n t e r s e c t .  This  i s  t h e  'case 'even though,' due ' t o  r e f r a c t i v e  index  

. .  

- 10 - 



c o r r e c t i o n s ,  t h e  beam 11, r e f l e c t e d  by t h e  s l a b  LP, i s  n o t  

e x a c t l y  p a r a l l e l  t o  12, as l o n g . a s  a mi r ro r  symmetry i s  preserved .  

Although t h e  pa th  l e n g t h s  of i nd iv idua l  r ays  a r e  d i f f e r e n t ,  

t h e  p a t h  d i f f e r e n c e  between p a i r s  o f  i n t e r s e c t i n g  r a y s  o r i g i n a -  

king from t h e  same source  p o i n t  can be made t o  be t h e o r e t i c a l l y  

zero. The ang le  of  i n t e r s e c t i o n ,  6 , is  a f u n c t i o n  o f  t h e  two 

m i r r o r  ang le s  4 , which is t h e  angle  o f  t h e  normal t o  t h e  .. 

r e f l e c t i n g  p l a n e  wi th  r e s p e c t  t o  t h e  p lane  de f ined  by Ill and Izl. 

We have: 

where Om i s  t h e  Bragg ang le  f o r  MI and M2. The range ,of 6 i s  

between 0 and 4 Om. With )\= 1 . 5 4  2 (Cu KO(), 0m-450 f o r  Ge (33s) 

p lane .  

t o  cover  v i r t u a l l y  a l l  ang le s  between 6-0" and 180'. 

( iv ) .  Useful X-ray Sources.  

Thus by s u i t a b l e  choice  o f  r e f l e c t i n g  p l anes  i t  i s  p o s s i b l e  

I n  t h e  i n t e r f e r o m e t e r  d i scussed  i n  ( i i i ) ,  t h e  pa th  d i f f e r e n c e  

between p a i r s  o f  i n t e r s e c t i n g  beams o r i g i n a t i n g  froin t h e  s2me 

source  p o i n t  i s  t h e o r e t i c a l l y  zero,  

f e rence  c o n d i t i o n  is  always f u l f i l l e d .  

s i d e r a t i o n s  l i m i t  t h e  i n t e r f e r e n c e  zone roughly t o  t h e  photon c o r -  

r e l a t i o n  l e n g t h  AX, 

S O  t h a t  i n  p r i n c i p l e ,  t h e  i n t e r -  

Howevgr, p r a c t i c a l  con- 
- _ _ _  - -  - 

e 
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I -  
I 
I 
I radiation 'from conventional X-ray generators, "3/h 4 and 

. Here A& is the spectral bandwidth of I l l  and Izl. .For raw line 

41 - 0 . y  . 
beams will have substantially lower bandwidths. The transmitted 

bandwidths can be estimated from the Bragg condition; 

However, due to the Rorrmann effect, the transmitted 
I 

\ 

where A 0  is the angular divergence of the transmitted beam, usually 

a-.few seconds of arc. Thus A 1  w 30/44(~,,) Bonse and Hart 

iltilized multiple reflections to obtain a tail-less narrow band 

filter of angular width 

multiple reflection filters in tandem, it is possible to further 

-2 seconds of arc.' By using two 

reduce the bandwidth. Needless to say, the availability of an 

X-ray laser will greatly simplify the X-ray source problem. 

However, the availability of a laser is not absolutely necessary 

to generate two coherent beams f o r  interferometer application, as 
already demonstrated by Bonse and Hart. 3 

Line radiation from Mussbauer nuclei would provide a very useful . 

X-ray source. However, it may be difficult to obtain a collimated 
\ 

. beam with a sufficient intensity for diffraction work.8.& new source 
- .  _. 

of intenses-X-rays is the synchrotron radiation from electron ac- 

celerators. Generally, synchrotron radiation when applied to . 

X-ray diffraction work will give a useable collimated beam of 

intensities roughly 2,000 to 50,000 stronger than that from an 

ordinary X-ray generator.' 

the proposed interiero-diffractometer. This topic will be further 

This may prove to be adequate for 

. discussed in Section IV. . .  

- 12 - 

! 
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111.. Phase Determination. , .* 
Assuming t h a t  two coherent  beams i n t e r s e c t  a t  a . p o i n t  T, w e  now 

d i s c u s s  t h e  procedure o f  e x t r a c t i n g  phase informat ion  from d i f -  

f r a c t e d  X-rays,  The geometry o f  X-ray d i f f r a c t i o n  i s  d e s c r i b e d  i n  

terms o f  r e c i p r o c a l  l a t t i c e s  and t h e  Ewald sphere  of  r e f l e c t i o n .  

F igure  3 d e p i c t s  t h e  proper  cond i t ion  f o r  d i f f r a c t i o n  t o  t a k e  

p l ace ;  s i s  a v e c t o r  normal t o  t h e  r e f l e c t i n g  p l ane  and i t s  

magnitude i s  t h e  r e c i p r o c a l  o f  t h e  i n t e r p l a n a r  d i s t a n c e .  

Ewald sphere ,  o f  r a d i u s  

p r o c a l  l a t t i c e  0 a t  t h e  end o f  a diameter  which c o i n c i d e s  w i t h  t h e  

d i r e c t i o n  of t h e  i n c i d e n t  r a y ,  TO. 

11 and t h e  sphe re  a t  a p o i n t  P(H), and t h e  d i f f r a c t i o n  c o n d i t j o n  j s  

f u l f i l l e d  w i t h  t h e  Bragg cond i t ion  i n  r e c i p r o c a l  form: 

The 

I/h , c e n t e r  T, has  t h e  o r i g i n  o f  t h e  r e c i -  

The d i f f r a c t e d  r ay  TP i n t e r s e c t s  

N n. 

i 

The d i f f r a c t e d  r a y  i s  d e t e c t e d  i n  t h e  d i r e c t i o n  TP. The t i m e  

independent component of t h e  express ion  of t h e  wave for t h e  d i f -  

f r a c t e d  beam, F ( H ) ,  i s  determined by t h e  s t r u c t u r e  w i t h i n  t h e  u n i t  

ce l l  of t h e  c r y s t a l ,  and is  g e n e r a l l y  r e p r e s e n t e d  by 
- , 

* 

- -  

, 

I 1 
where 

- .  T, in i s  t h e  s c a t t e r i n g  f a c t o r  o f  t h e  nth atom a p p r o p r i a t e l y  

c o r r e c t e d  f o r  t h e  simultaneous presence o f  bo th  beams and rn t h e  

P(T) is  the e l e c t r o n  d e n s i t y  a t  r measured from ._ 

i 
I , 

v e c t o r  f o r  i t s  l o c a t i o n  i n  t h e  u n i t  c e l l .  F(H)  i s  a complex 
c 
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q u a n t i t y  given by: 

._ 

where 

t h e  i n c i d e n t  beams.lF[$s r e l a t e d  t o  t h e  i n t e n s i t y  o f  t h e  d i f f r a c t e d  

rays f o r  i d e a l l y  mosaic c r y s t a l s  and can be expe r imen ta l ly  d e t e r -  

q ( 5 )  i s  t h e  phase d i f f e r e n c e  between t h e  d i f f r a c t e d  and 
2 

mined. A complete knowledge of a d i f f r a c t i o n  phenomenon r e q u i r e s  

- both' (F(€JI and +(H)  t o  be determined. However, c u r r e n t l y  * 
a v a i l a b l e . d e t e c t o r s  are unable t o  make r eco rds  o f  t h e  phase ang le  

J( (E). 
of c r y s t a l  s t r u c t u r e s  c e n t e r s  around o b t a i n i n g  

In t h e  c u r r e n t  s ta te  o f  c r y s t a l l o g r a p h y  t h e  de t e rmina t ion  

"(3 v i z  i n d i r e c t  

and s t a t i s t i c a l  methods which a r e  w e l l  summarized elsewhere.  2 .. 

These i n d i r e c t  methods are l i m i t e d  t o  c e r t a i n  a p p l i c a t i o n s  and 

cannot  be used f o r  gene ra l  c r y s t a l l o g r a p h i c  s t r u c t u r e  de te rmina-  

t f o n .  - 
L 

In  o r d e r  t o  determine t h e  phase +(HI, another  X-ray beam 

c ' ) p ~ ~ \ n t  w i t h  t h e  i n c i d e n t  beam and propagat ing  i n  t h e  d i r e c t i o n  - 
Qf t h e  d i f f r a c t e d  ray, TP may be used. ' L e t  ECH) = F(H)P(H) where 

P(H)  is a r e a l  f u n c t i o n  desc r ib ing  va r ious  c r y s t a l l o g r a p h i c  c o r r e c t i o n s  

inc lud ing  Lorentz and p o l a r i z a t i o n  f a c t o r s .  E(H)  is  t h e  ampli tude 

of t h e  d i f f r a c t e d  beam. I n t e r f e r e n c e  o f  t h e  d i f f r a c t e d  beam E1(H) 

and the  second beam E z @ )  w i l l  fake p l a c e  and t h e  sum E, c o n t a i n s  

t h e  phase informat ion .  

between t h e  two coherent  beams and assume t h a t  t h e i r  nave f r o n t s  

rc - 
- .  H 

+ 

For  t h e  p r e s e n t  l e t  us ignore  misal ignments  
I 

arrive s imul taneous ly  a t  T. The r e l a t i v e  phase ang le  between E2(G) 

and tlie d i f f r a c t e d  beam E1(I i ) ,  # (H) , can be ob ta ined  by s imple  

vector  add i t ion :  



, 

lE,12 i s  t h e  i n t e n s i t y  when the two beams are p r e s e n t ,  wh i l e  

E1(H) and E Z ( 0 )  a r e  t h e  i n t e n s i t i e s  when t h e  second beam i s  i- 

blocked and when t h e  primary beam i s  blocked, r e s p e c t i v e l y .  

cos IC is  an a d d i t i o n a l  c o r r e c t i o n  f a c t o r  f o r  p o l a r i z a t i o n  

e f f e c t s  s i n c e  only  beams of t h e  same p o l a r i z a t i c t i  s t a t e  w i l l  

i n t e r f e r e .  

Although t h e  method descr ibed  above is  workable,  f o r  every  

d i f f r a c t i o n  maxima H we have t o  r e s e t  t h e  i n t e r s e c t i o n  a n g l e  o f  

t h e  interfero-diffractometer, and hence cause a s h i f t  i n  t h e  

p o s i t i o n  o f  T i n  t h e  d i f f r a c t i n g  c r y s t a l .  

be e x t r a c t e d  from Eq. (9) on ly  when t h e  b i s e c t i n g  p l a n e  of t h e  

m 

Meaningful resu l t s  can 

two i n t e r f e r r i n g  r a y s  main ta ins  a c o n s t a n t  s p a t i a l  r e l a t i o n s h i p s  

with t h e  c r y s t a l  s o  t h a t  a l l  t h e  r e l a t i v e  phases  s h a r e  one com- 

mon o r i g i n .  In  o r d e r  t o  monitor t h e  s t a b i ! i t y  o f  t h e  system, we 

propose the fo l lowing  method of s imultaneous d i f f r a c t i o n .  The 

geometry o f  d i f f r a c t i o n  i s  shown i n  Figure 4 .  

s e c t i o n  s 
The angle o f  i n t e r -  

i s  chosen t h a t  upon e n t e r i n g  t h e  sphere  o f  r e f l e c t i o n ,  

, both  ends of  a s e l e c t e d  r e c i p r o c a l  v e c t o r  €lo serve as o r i g i n s  of 

r e c i p r o c a l  l a t t i c e s  f o r  t h e  t w o  r a y s  I1 a n d ' I Z .  

r o t a t e d  about. an a x i s  Bo which is p a r a l l e l  t o  €lo, and both  io and 

The c r y s t a l  i s  

H 

o r i g i n  of the c r y s t a l  l a t t i c e ,  T,  i s  then  d e f i n e d  a s  t h e  i n t e r s e c t i o n  

a r c  pe rpend icu la r  t o  t h e  b i s e c t i n g  plane of I1 and 12. The -0 

of  k0 and t h e  b i s e c t i n g  p lane  of I1 and 12. As t h e  c r y s t a l  r o t a t e s  

about $ o ,  a t  a c e r t a i n  angle ,  a r e c i p r o c a l  l a t t i c e  p o i n t  P w i l l  p a s s  

1 

! 
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through t h e  s u r f a c e  of t h e  sphere o f  r e f l e c t i o n  de f ined  by H , I1 
and 12. 

by two corresponding s e t s  of p lanes  Ill and I-& such t h a t  €ll-€iz = ,Ho. 

When both  beams I1 and I2 a r e  turned on, t h e  two s imul taneous ly  

d i f f r a c t e d  r ays  i n  t h e  d i r e c t i o n  o f  P w i l l  i n t e r f e r e ,  and phase 

de te rmina t ion  can be c a r r i e d  out  i n  t h e  same manner as i n  E q .  

-0 

Both I and I2 w i l l  be  d i f f r a c t e d  i n  t h e  d i r e c t i o n  o f  TP, 1 

(9). 
As t h e  c r y s t a l  r o t a t e s ,  var ious  o t h e r  r e c i p r o c a l  p o i n t s  w i l l  

appear on t h e  s u r f a c e  of  t h e  Ewald sphere .  

t he  r e l a t i v e  phase of  t h e  p a r t i c i p a t i n g  p l anes  can be determined.  

A complete r o t a t i o n  w i l l  y i e l d  a whole s e t  of p h a s e t ~ e l a t i o n s h i p s  

f o r  r e f l e c t i o n s  r e l a t e d  by H . Since  Eo remains on t h e  sphe re  o f  

For erlch such occurrence ,  

H O  

r e f l e c t i o n  f o r  a l l  EAB's with  one s e t t i n g  o f  6 , ]E(FIo) + E ( 9 I  
can be used a s  a s t anda rd  t o  monitor p o s s i b l e  movement o f  t h e  c r y s t a l  

o r i g i n  as t h e  c r y s t a l  r o t a t e s  about h . 
-0 

The symmetry o f  t h e  cos ine  func t ion  in t roduces  an ambigui ty  i n  

s i g n  f o r  t h e  phase d i f f e r e n c e  between each r e f l e c t e d  p a i r ;  

w e  cannot  d i s t i n g u i s h  f r o m  a x - 9  . However, if we c o l l e c t  

two o r  more independent s e t s  o f  phase r e l a t i o n s h i p s  u s i n g  indepen- 

den t  l i o l s ,  we can c r o s s  c o r r e l a t e  t h e  phases .  

be only two s e t s  o f  phases t h a t  s a t i s f y  a l l  measured phase r e l a t i o n -  

i . e . ,  

I n  gene ra l  t h e r e  w i l l .  

s h i p s ,  and t h e s e  two s e t s  o f  phases a r e  once aga in  r e l a t e d  through 

a change o f  s i g n .  

t h e  F o u r i e r  summation, on ly  one s e t  w i l l  produce t h e  t r u e  e l e c t r o n  

d e n s i t y  map f o r  t h e  unknown c r y s t a l  s t r u c t u r e .  

However, i f  we use t h e s e  two sets  o f  phases  i n  

If we c a r e f u l l y  choose t h r e e  independent r e c i p r o c a l  v e c t o r s ,  

e . g . ,  t h e  t h r e e  p r i n c i p l e . . r e c i p r o c a l  axes a*,  b*, and c*, and 
** .h c. 



.. 

independent ly  c o l l e c t  t h r e e  sets  o f  phase r e l a t i o n s h i p s ,  then  w e  can 

c o r r e l a t e  t h e  t h r e e  s e t s  and f i n d  t h e  r e l a t i v e  phases  f o r  a l l  

r e f l e c t i o n s .  

In  r e a l i t y ,  s t a t i s t i c a l  methods have been developed t o  such 

s o p h i s t i c a - t i o n  t h a t  on ly  a small percentage  o f  known phases  w i l l  

s u f f i c e  t o  gene ra t e  t h e  rest due t o  t h e  i n t e r n a l  c o n s i s t e n c y  of  

i n t e n s i t y  data. 

V I .  F e a s i b i l i t y  o f  Interfero-Diffractometer. 

In  o r d e r  t o  s a t i s f y  t h e  coherence c o n d i t i o n s  a t  t h e  i n t e r s e c t i o n  

p o i n t ,  the phases  of t h e  wave f r o n t s  o f  t h e  two beams must b e  

niaintained t o  w i t h i n  a f r a c t i o n  o f  t h e  wavelengths used;  t h e  

accuracy of t h e  determined value o f  t h e  phase i s  xTi( times t h e  r a t i o  

of u n c e r t a i n t i e s  i n  t h e  p o s i t i o n  of t h e  r e l a t i v e  wave f r o n t s  t o  

t h e  wavelength. If a t y p i c a l  value o f  i s  1 . 5 '  8, i n  o r d e r  t o  

determine t h e  phases  t o  w i t h i n  36' it i s  necessa ry  t o  ma in ta in  t h e  

wave f r o n t  d i f f e r e n c e  t o  wi th in  a l i n e a r  d:.mension of  0 . 1 5  8. The 

fo l lowing  probZems a r e  encountered i n  t h i s  c o n s i d e r a t i o n :  . 

(1) Maintainance o f  phase coherence i n  des ign ,  (2 )  Temperature and 

v i b r a t i o n  effects ,  (3)  Dimensional s t a b i l i t y  o f  m a t e r i a l s ,  (4 )  Means 

o f  monitor ing s u b - h g s t r o m  dimensional changes as w e l l  as making 

corresponding c o r r e c t i o n s ,  In  a d d i t i o n ,  one miisb c o n s i d e r  (5) 

The adequacy o f  t h e  i n t e n s i t y  of  t h e  two i n t e r f e r i n g  beams f o r  a 

meaningful s e t  o f  d a t a  w i t h i n  a reasonable  amount o f  t ime.  

.- 
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(1) Maintainance of  phase coherence i n  design.  The c e n t r a l  

problem is  t h e  maintainance o f  phase coherence a f te . r ing  p a s s i n g  

through t h e  p a t h  c o r r e c t i o n  wedges LP (Figure 2 ) .  I f  w e  choose 

8 '  = 49.9' (Ge 4 4 0  p lane  a t  Cu K 

(Ge 220 p l a n e ) ,  then  t h e  wedge angle  qo i s  36.8'. 

wavelength) ,  8 = 22.5' 

The c h i e f  

purpose of t h e  wedges i s  t o  compensate t h e  p a t h  l e n g t h  so  t h a t  t h e  

r e s i d u a l  d i f f e r e n c e s  do n o t  exceed t h e  c o r r e l a t i o n  l e n g t h  of t h e  

photon. The advantage o f  using t h e  Borrmann e f f e c t '  to-compensate 

t h e  pa th  l e n g t h s  i s  t h e  a i su rance  o f  phase coherence of  t h e  e x i t  

beam, even though t h e  s u r f a c e s  a rehaggard  on t h e  atomic s c a l e .  Thus 

t h e  requirement on t h e  accuracy of  t h e  wedge ang le s  i s  t h a t  t h e  

compensated p a t h  l e n g t h  a t  d i f f e r e n t  l o c a t i o n s  a c r o s s  t h e  beam i s  
-. 

wi th in  t h e  photon c o r r e l a t i o n  length .  If t h e  a c t u a l  wedge ang le  7 
d e p a r t s  from t 3 e  c a l c u l a t e d  value qe from Eq. (2),  a smal l  r e s i d u a l  

source dependence of  t h e  p a t h  l eng th ,  denoted by d A 8  , w i l l  be  

p re sen t .  The expres s ion  for dAll i n  terms o f  A t ,  t h e  p o s i t i o n  o f  

t h e  beam r e f e r r i n g  t o  t h e  c e n t r a l  v a l u e ,  t ,  is  

L 

Numerically, u s i n g  t h e  examples o f  Sec t ion  I1 ( i i i ) ,  i . e . ,  

8 = 22.So, 8 '  = 49.9', t h e n  

7, = 36.8', 

I 

I 

! 

Take f o r  example, A t  = 0 . 5  mm = 500 , and l e t  us assume t h a t  

t h e  al lowable e r r o r  i n  d n k  i s  5p (around 1 / 1 0  o f  t h e  photon 



c o r r e l a t i o n  l e n g t h ) ,  then  t h e  maximum a l lowable  e r r o r  

around l / l G O  r a d i a n s  o r  around 20 minutes o f  a r c .  
( 7  - lo) ,  is 

The use of the two Borrmann t r ansmiss ion  wedges t o  compensate 

t h e  source  p o s i t i o n  dependence of t h e  p a t h  l e n g t h s  w i l l  i n t r o d u c e  

a source  p o s i t i o n  dependence i n  t h e  beam i n t e n s i t y .  To c o r r e c t  

f o r  t h i s ,  two a d d i t i o n a l  wedges AI and A2 a r e  i n s e r t e d  i n t o  t h e  p a t h  

of t h e  beam 12, a s  shown i n  Figure 5. 

amorphous m a t e r i a l s  s o  t h a t  t h e r e  is  no d i f f r a c t i o n  e f f e c t .  

made of  a h i g h l y  a b s o r p t i v e  mhte r i a l  i n  t h e  wave l e n g t h  r e g i o n s  

of i n t e r e s t ,  whi le  A2 i s  made of a h i g h l y  t r a n s p a r e n t  m a t e r i a l .  

function of A1 i s  t o  c o r r e c t  f o r  t h e  source  p o s i t i o n  dependence o f  

t h e  i n t e n s i t y  o f  t h e  beam, and t h a t  of  A2 is  t o  c o r r e c t  f o r  t h e  

source p o s i t i o n  dependence o f  the  phase l a g  o f  t h e  beam a f t e r  

t ransmiss ion  through A1. 

Both A1 and A2 are made of / 

A1 is 

The 

Transmissions through t h e  wedge v i a  t h e  Borrmann effect  w i l l  

in t roduce  a p o s i t i o n  dpenedent abso rp t ion  f a c t o r  

where d t  is t h e  d i s t a n c e  measured wi th  r e s p e c t  t o  t h e  e x t r e m i t y  o f  t 

t h e  beam where t h e  i n t e n s i t y  i s  g r e a t e s t ,  i n  t h e  d i r e c t i o n  pe.rpen- 

d i c u l a r  t o  t h e  beam. (F igure  5.)  If t h e  t h i c k n e s s  o f  Aleand A2 a r e  

descr ibed  by two f u n c t i o n s  S l (d t )  and S2 ( d t )  r e s p e c t i v e l y ,  t h e i r  mass 

absorp t ion  c o e f f i c i e n t s  and k2 r e s p e c t i v e l y ,  then  t h e  

a d d i t i o n a l  abso rp t ion  f a c t o r s  a s s o c i a t e d  wi th  AI and A2 a r e  

exp - kl Sl (d t )  and exp - k, S2(d t )  r e s p e c t i v e l y .  

p o s i t i o n  dependence of t h e  i n t e n s i t y  be e l i m i n a t e d ,  i t  i s  n e c e s s a r y  

In o r d e r  t h a t  t h c  

i 
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. t h a t  t h e  combined abso rp t ion  f a c t o r  remain a c o n s t a n t  independent 

of d t :  

which l e a d s  t o  t h e  equat ion:  

In  pas s ing  through A1 and A 2 ,  soruce  dependent phase l a g s  due 

t o  d i f f e r e n c e s  i n  the t h i ckness  o f  AI and A2 w i l l  r e s u l t .  A t  wave- 

l eng ths  f a r  away from absorp t ion  edges,  t h e  index o f  r e f r a c t i o n  n 

is given by: 

, N is t h e  average e l e c t r o n  d e n s i t y .  A 

t 
phase l a g  s . ( : d t )  i s  in t roduced  a t  d t  such ,hat:  

t 
i 

-. where i = 1,2 f o r  AI and A2 r e s p e c t i v e l y .  

cons tan t  phase l a g  i s  then:  

The c o n d i t i o n  f o r  a 

S,W, + SsCdt) 

= [S$dt)sl;: + s, cat) SL; 3 \ = C6rnS5CAht 
(1 5) +TAM i. 

Eqs .  (12 )  and (15)  determines Sl(dt) and S 2 ( d t )  un ique ly  a s  f u n c t i o n s  

o f  d t .  The s o l u t i o n  i s  
t 

i 
t 
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If w e  choose k,= PO , : , z = o  N l = N 2 ,  t hen  

Using t h e  parameters  quoted p rev ious ly ,  i . e . ,  1- e = o g a s  

A t * =  o.smVr\ 
ac ross  t h e  beam. 

(See E q .  (13j). T h i s  means t h a t  a 1 % e r r a r - i F  t h e  f a b r i c a t e d  

th i ckness  o f  c o r r e c t o r  p l a t e s  f o r  i n t e n s i t y  and phase l a g  i s  s u f -  

t h e  v a r i a t i o n s  of  S1 and S2 a r e  roughly 2 5  1-C 

The t o t a l  phase l a g  in t roduced  i s  less  than  2" 

f i c i e n t  t o  i n s u r e  t h a t  a 1 % accuracy i n  t h e  phase ang le  can be  

achieved. I 

(2)  Temperature and v i b r a t i o n a l  e f f e c t s .  ' 
Most m a t e r i a l s  have thermal  expansion c o e f f i c i e n t s  E, i n  t h e  

range 

then A!. v a r i e s  w i th  temperature  a s  A ~ G * ~ L J T  where AT 

i s  t h e  temperature  f l u c t u a t i o n .  If A X =  \o p ( j~-~cVrrJ,  (A%mmust be  

l e s s  than t h e  photon c o r r e l a t i o n  l e n g t h ) ,  then  wi th  Gth= ln 

a temperature v a r i a t i o n  of 10°C w i l l  g ive  r i s e  t o  a p a t h  l e n g t h  

v a r i a t i o n  o i  lo - '  cm = 0 . 1  8.  On t h e  o t h e r  hand, d i f f e r e n t i a l  

tcmperaturc c o n d i t i o n s  o f  va lue  ATA a long  t h e  two beam 

- l o e 8 .  If t h e  p a t h  d i f f e r e n c e  o f  t h e  two beams i s  All . 

-7  , 
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paths will give rise to an additional thermal term e&OTd . 
With Q = 10 cm, E = in order to keep the path length 

differences to below 0.1 R ,  it is necessary that any differential 
temperature be kept below I f 3 O c  . A number of low thermal 

expansion materials have been developed for precision optics. 

The thermal expansion coefficient of some o f  these materials 

changes sign at a certain temperature (zero expansion temperature), 

so that thermal expansion vanishes.. These materials include ULE 

(a normetal) and suyerinvar ( a' metal). Their thermal expansion 

/ coefficients vanish-at around 45' C (Figure 6 ) .  These materials 

10 

can be used €or the construction of  the interfero-diffractoneter. 

Other similar types of low thermal expansion materials also exist 

with somewhat different zero expansion temperatures. 

The coinpleted instruinent will have a djinension cf a few 

ten's of centimeters. The natural resonance frequency will be of  

the order of a few hundred to a few thousand hertz. Well established 

methods of vibration isolation can be used to remove these frequen- 

cies. Sub-hertz vibrations will hot affect the dimensional stahi- 

lity severely. 

(3)  Dimensional stability o f  materials. Internal stress will 

cause most materials to exhibit temporal variations in dimensions. 

In a series of experiiiieiits, Jacobs and his associates made a fairly 

thorough study of the dimensional stability of a number of materials 

\ 

+J over a time intcrval o f  several months. Their results a r e  summa- 
and 8 

rizcd in Figures 7 / . T h c  initial variations in dimensions are p r o -  

bably caused by the settling of optical contact surfaces of the 

monitoring components, and probably do not represent real changes 

h 

r 

in diinens ions. A s .  seen in Figures 7 and 8 ,  the two materials 
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ULE and supe r inva r  e x h i b i t  t h e  b e s t  dimensional s t a b i l i t y  p ro -  
I 

p e r t i e s .  

( 4 ) .  Techniques f o r  measurement o f  s u b - h g s t r o m  dimensional  

changes have been developed f o r  v a r i o u s  purposes ,  i nc lud ing  

s t u d i e s  ( 2  ) and ( 3 ) .  The p r i n c i p l e  used i n  one o f  t h e  measuring 

techniques i s  as fo l lows:  A s t a b l e  l a s e r  o f  frequency do i s  

tuned t o  f r equenc ie s  V , =  V0tb 7, , 7), =$,-A$ by mixing 

;he l a s e r  r a d i a t i o n  wi th  a microwave source  of  f requency p-J 

i n  an o p t i c a l l y  n o n l i n e a r  medium. One of  t h e  two tuned f r eqnenc ie s  

s a y ,  y , = v o S A - 3  , i s  introduced i n t o  an o p t i c a l  c a v i t y  o f  

l eng th  A which i s  t o  be measured. The va lue  of A3) is  

ad jus t ed  f o r  t h e  maximum transmiskion peak, which i n  t h e  c u r r e n t  

s t a g e  of technology,  can be  made t o  have a f u l l  width a t  h a l f  

maximum o f  l e s s  th2n 5 Wz..'! By monitor ing t h e  va lue  o f  A 9  

t o  say ,  1 0  Hz, (1/50 of  t h e  t ransmiss ion  w i d t h ) ) ,  i t  i s  p o s s i b l e  

t o  a h i e v e  an a c c u r a c y - i n  a(ay/9Q) 

corresponds t o  an accuracy  i n  dimension measurement of d!./k 
t o  IO-". BY u s i n g  two o p t i c a l  c a v i t i e s  of d i f f e r e n t  o p t i c a l  

l eng ths  but  o f  r e f l e c t i v e  c o a t i n g s  prepared a t  t h e  same t ime,  

, 
5 

t o  one p a r t  i n  loll. This  

t h e  e f f e c t s  of t ime v a r i a t i o n s  o f  phases i n  r e f l e c t i o n s  can be  

rn inh ized .  C u r r e n t l y  a v a i l a b l e  s t a b l e  l a s e r s  e x h i b i t  a f requency 
- 

c 

. 

s t a b i l i t y  of b e t t e r  t han  one p a r t  i n  1 0  . l3 Techniques f o r  

measurements o f  dimensions t o  accu rac i e s  of 
developed. 14 

8 ]lave altso' been 
I 

I 
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( 5 )  I n t e n s i t y .  -- Although t h e  i n t e n s i t y  of raw r a d i a t i o n  irorp 

a convent iona l  X-ray gene ra to r  i s  f a r i l y  h igh ,  i t s . a n g u l a r  d ivergence  

as w e l l  a s  i ts  bandwidth i s  l a r g e .  Af t e r  t r ansmiss ion  through 

c r y s t a l  p l anes  v i a  t h e  Borrmann e f f e c t ,  t h e  angular  d ivergence  o f  

t h e  e x i t  beam i s  narrowed t o  a few'seconds of  a r c ,  and t h e  band- 

width is  a l s o  reduced t o  below lo- ' ,  r e s u l t i n g  i n  a d r a s t i c  r e d u c t i o n  

i n  i n t e n s i t y .  In  our proposed set  up, f u r t h e r  r educ t ions  i n  j n r e n s i t y  

w i l l  r e s u l t  from t r ansmiss ions  through and r e f l e c t i o n s  by c r y s t a l  

p lanes  i n  t h e  p a t h  c o r r e c t i o n  wedges. 

An e s t i m a t e  o f  t h e  i n t e n s i t y  o f  t h e  two i n t e r f e r i n g  beams w i l l  

now be given.  

gene ra to r  o p e r a t i n g  a t  35 kV and a t  16 mA beam c u r r e n t ,  a f t e r  

pas s ing  through a p e r f e c t  c r y s t a l  of  t h i c k n e s s  of  1 mm v i a  t h e  

Boi*rmann e f f e c t ,  y f i l d s  a p a i r  of s p l i t t c d  beams ( h = 1.54 8) 
each wi th  a t o t a l  i n t e n s i t y  of  5 ,009  counts  p e r  second over  a c r o s s -  

s e c t i o n a l  a r e a  o f  1 mm x 1 mm. L e t  us assume t h a t  t h e  cross- 

s e c t i o n a l  a r e a  o f  t h e  beam i n  our  case  t o  be  0 . 5  mm (width) x I mn 

(he igh t ) .  We now use  Co le ' s  value f o r  t he  i n t e n s i t i t i e s  of I1 and 

I2 a t  t h e  beam s p l i t t i n g  p o i n t  i n  F igure  2 .  In  our  s e t u p ,  I p a s s e s  

According t o  Cole e t  a l l 5 ,  a convent iona l  X-ray -- 

L 

1 
through two a d d i t i o n a l  r e f l e c t i o n s ,  a t  LP and ?Il. 

of LP and MI a r e  p a r a l l e l  t o  t h e  r e f l e c t i n g  c r y s t a l l i n e  p l a n e s ,  t h e  

r e f l e c t i v i t y  is i n  t h e  neighbourhood of 0 . 9 ,  a n d - t h e  i n t e n s i t y  of I1 

If t h e  s u r f a c e  - 

. _  

a t  t h e  i n t e r s e c t i o n  p o i n t  T i s  0 . 9  x 0.9  x 2 . 5  x 1 0  3 -  - 
. - - _  - -  --. - - - .  . -  

3 2- x 1 0  count / sec .  
I 

The i n t e n s i t y  o f  I2 w i l l  s u f f e r  a much h ighe r  a t t e n u a t i o n .  

There a r e  t h r e e  sources  o f  a t t e n u a t i o n s :  (a) through r e f l e c t i o n s  

in t h e  n lu l t i p l e  r e f l e c t i o n . ~ p a t h  ex tender ,  (b) through t ra i is iniss ions 

in t h e  pa th  c o r r e c t i o n  wcclges, ( c )  through r e f l e c t i o n s  i n  M2. 
i 

In 
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t h e  case of ( a ) ,  he a t t e n u a t i o n  f a c t o r  o f  a 

p a t h  ex tender  w i l l  g ive  an a t t e n u a t i o n  f a c t o r  

wice r e f l e c t e d  

o f  0.8. Assuming 

t h a t  t h e  t h i c k n e s s  o f  t h e  wedge a t  t h e  narrowest  pa th  of  t h e  wedge 

t o  be 0 . 5  mm, t hen  i n  (b) an a d d i t i o n a l  a t t e n u a t i o n  f a c t o r  f o r  

t h e  two wedges is .h?-f.COc(-e)t = '-17 . The a d d i t i o n a l  

f a c t o r  i n  (c) i s  0.9.  Tlie o v e r a l l  a t t e n u a t i o n  f a c t o r  i s  t h e n  

0.17 x O . 9  x O . %  0.1s = 3  . The l a s t  f a c t o r  of  0.25 a r i s e s  from 

the w o r s t  case o f  source  dependence of  t h e  beam. The i n t e n s i t y  o f  

I2 a t  T i s  t h e n  150 count  p e r  second. 

a t t e n u a t i o n s  due t o  d e p a r t u r e s  from t h e  minimum geometry c o n f i g u r a -  

t i o n s  w e  d i scussed  w i l l  occur . )  

( In  p r a c t i c e ,  f u r t h e r  

. Assuming t h a t  t h e  d i f f r a c t e d  i n t e n s i t y  from t h e  sample c r y s t a l  

t o  be of  t h e  i n c i d e n t  beam, t h e  i n t e n s i t y  o f  t h e  d i f f r a c t e d  

been from I ( t h e  weaker beam) i s  1 . 5  x / sec, o r  130/ day. 

The a s s o c i a t e d  s i g n a l  t o  n o i s e  r a t i o  i s  11. If t h e  phase a n g l e  i s  

around 4S0 ,  t h e  corresponding e r r o r  i n  t h e  determined phase ,  

2 

L 

according t o  Eq.  ( 9 ) ,  i s  i n  t h e  neighbourhood o f  t e n s  o f  deg rees .  

Na tu ra l ly  t h i s  e s t i m a t e  may be somewhat o p t i m i s t i c .  What we 

. have shown is  t h a t ,  t h e  i n t e n s i t y  from a convent iona l  X-ray 
t u 4 y  

gene ra to r  w i l l  n o t  y i e l d  a u n r e a l i s t i c  count ing  r a t e  (e .g .  

100  count i n  a y e a r ) .  A more i n t e n s e  source  such a s  r o t a t i n g  

anode g e n e r a t o r  will increase d a t a  coI l .ec t ion  r a t e  by rough1.y 

- 

' -. 

5 t imes.  

t i o n  which o f f e r s  an advantage over convent iona l  X-ray g e n e r a t o r s  

by a f a c t o r  o f  2 , 0 0 0  t o  50,000. 

can then  be achieved  w i t h i n  h a l f  an hour for a s i n g l e  measurement, 

provided t h a t  a r ea .deGec to r s  with s i n g l e  quantum d e t e c t i o n  c a p -  

b; . l i ty  are used: 

A new source  o f  X-ray rad i ,a t ion  i s  t h e  synchro t ron  r a d i a -  

The dktermina t ion  o f  phases  

Area d e t c c t o r s  w i th  s i n g l e  quantum d e t e c t i o n  

- 25 - 



c a p a b i l i t y  a r e  w i t h i n  t h e  realm o f  f e a s i b i l i t y .  

V. Conclusions.  

I n  t h i s  paper  we have presented  a scheme t o  measure t h e  r e l a t i v e  

phases  of  d i f f r a c t e d  X-rays.  Although t h e  requirement  i n  dirnen- 

s i o n a l  s t a b i l i t y  and i n t e n s i t y  of X-ray sources  i s  demanding, w e  

have shown t h a t  such requirements a r e ' w i t h i n  t h e  realm o f  techno-  

l o g i c 2 1  f e a s i b i l i t y .  Due t o  t h e  n a t u r e  of t h e  problem, it i s  

our  opin ion  t h a t  even wi th  t h e  success fu l  development o f  an X-ray 

laser a s  a source o f  coherent  X-rays,  an in t e r f e ro -d i f f r ac tomete r  

of t h e  type  desc r ibed  i n  t h i s  paper must he used t o  s p l i t  t h e  i n c i -  

dent beam and recombine i t  t o  produce i n t e r f e r e n c e  i n  t h e  d i f f r a c t e d  

r a y s  from mosaic c r y s t a l s ,  with t h e  p o s s i b l e  absence o f  t h e  beam p a t h  

c o r r e c t i o n  wedge c r y s t a l  due t o  t h e  long  coherence l e n g t h  a s s o c i a t e d  

w i t h  l a s e r  r a d i a t i o n s .  

r e s o l u t i o n  i n  t h e  sub-angstrom range p reven t s  t h e  use o f  ho log raph ic  

techniques  t o  probe molecular s t r u c t u r e s  i n  t h e  atomic l e v e l ,  w i t h  

The lack  o f  a proper  r eco rd ing  medium with 

X-ray l a s e r s .  . 
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Figure  1. 

Figure 2 .  

Figure 3 .  

Figure  Captions 

Borrmann e f f e c t .  

Bo wi th  t h e  se t  of p l a n e s  LP sets  up wave f i e l d s  

and propagates  along LP i n  t h e  beam s p l i t t e r  c r y s t a l  

BS. A t  t h e  e x i t  su r f ace  t h e  wave f i e l d  i s  s p l i t  i n t o  

two beams TR and FD which propagate  i n  two s e p a r a t e  

d i r e c t i o n s ,  wi th  an angu la r  s e p a r a t i o n  of 2 Bo. 

d i r e c t  t r a n s m i t t c z  beam DT i s  suppressed by normal 

a b s o r p t i o n .  

Schematic diagram o f  an interfero-diffractoneter. 

Geometry o f  d i f f r a c t  i o n .  

An i n c i d e n t  beam a t  Bragg ang le  

The 

. _  

Figure 4 .  Geometry of simultaneous d i f f r a c t i o n s  of  two cohe ren t  

beams i n t o  a common d i r e c t i o n .  ! 

Cor rec t ion  p l a t e s  f o r  i n t e n s i t y  and phase l a g .  Figure 5. 

Figure 6 .  Thermal expansion c o e f f i c i c n t s  f o r  a number of  com- 

m e r c i a l l y  a v a i l a b l e  m a t e r i a l s  no ted  f o r  low thermal  

expansion.  From Reference 11. 

Figure 7 .  Dimensional s t a b i l i t y  o f  ULE. The o r d i n a t e  i s  t h e  t u n i n g  
t L 

f requency t h a t  is  necessa ry  t o  s a t i s f y  t h e  nzximuz 

t r ansmiss ion  cond i t ion  o f  t h e  a s s o c i a t e d  o p t i c a l  c a v i t y .  

Genera l ly  t h e  f r a c t i o n a l  dimensional change i s  the same 

as ~ . L I / - Q ~  .where  VO is t h e  laser f requency  and i s  

in t h e  range  o f  1 0  l6 . 
.in t h e  cour se  of i n v e s t i g a t i o n ;  From r e f e r e n c e  10. 

t 

I 

is t h e  change o f A 3 )  

F i i u r e  8 .  Dimensional s t a b i l i t y  o f  s u p e r i n u a r .  See F igu re  7 
f o r  d e t a i l e d  exp lana t ions .  From r e f e r e n c e  19. 
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